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STUDY OF QUASI-OPTICAL CIRCUIT 
TECHNIQUES IN VARACTQR MULTIPLIERS 
By Erich H. Kraemer, Jesse J. Taub, 
Gerard V, Kopcsay and Gediminas I?. Kurpis 
AIL, a division of CUTLER-HAMMER 
Deer Park, New York 11729 
SUMMARY 
Circuit techniques applicable to quasi-optical multipliers 
operating at millimeter wavelengths has been studied. This re- 
port is the second phase emphasizing circuit development and 
experimental results. The first phase stressed the theoretical 
aspects. A directional filter, tuner, and reflectometer were 
developed, and evaluation showed them to be adequate for use 
with experimental 30- to 60-GHz varactor multiplier mounts. 
This included focused varactor mounts, planar and linear 
varactor arrays. Several of the varactor mount concepts 
showed promise, but high efficiency (10 percent or greater) 
was never obtained because of the use of encased varactors 
and inadequate cutoff frequencies (f 300 GHz). The in- 
creasing availability of unencapsulated var act or  s, together 
with cutoff frequencies in the 700- to 1000-GHz region, should 
increase the efficiency to about 50 percent with the techniques 
described herein. 
INTRQDU C TIQN 
Objectives 
The objectives of this contract are to further the theoretical and prac- 
tical development of the concepts necessary for the utilization of quasi-op- 
tical techniques in millimeter-wave varactor multiplier circuits and to for- 
mulate and present the data and techniques needed for design and construc- 
tion of varactor multiplier circuits in the millimeter-wave region (especially 
1 
in the region above K -band). This work is an extension of the work per- 
formed for NASA by AIL and is described in reference 1. 
a 
More specifically, the five task areas that have been defined in the 
current effort are:  
1. 
2. 
3. 
4. 
5. 
Directional filters: Extension of theory given in the re- 
port on a previous program, and the development of a 
filter suitable for use with experimental 30 -to 60-GHz 
multiplier circuits a 
Frequency tuners: Develop and formulate a theory for 
a tuner suitable for multiplier use and validate the re- 
sults by constructing tuners suitable for use in 30- to 
60 -GHz multiplier circuits . 
Measurement techniques : Develop reflectometer and 
power measuring techniques for evaluation of doubler 
circuits. 
Varactor mounting techniques : Study of various array 
and focusing methods of using varactors in quasi-op- 
tical multiplier circuits. 
Multiplier circuits : Evaluation of the efficiency attain- 
able from multiplier circuits assembled from the di- 
rectional filter, tuners, and mounts considered in the 
other tasks. 
The study of these problem areas was performed in accordance 
with Appendix A. 
Historical Background 
In recent years there has been great strides in achieving higher CW 
power from fundamental oscillators using Gunn or  Impatt devices. 
Power outputs of 300 mw (Gunn device) and 500 mw (Impatt) are at- 
tainable using commercially available devices in X-band. There is evidence 
that 100 mw at 100 GHz may be attained using LSA or  Impatt devices in the 
near future. 
2 
In spite of these advances, oscillator device technology tends to be 
2 limited by Pf = constant or  6 db per octave. On the other hand, varactor 
multipliers are limited by their cutoff frequencies. Recent advances at 
AIL have yielded varactors with cutoff frequencies in the 1000-GHz range. 
Assuming no circuit losses, one can achieve doubler efficiencies (refer- 
ence 2) for a 30-GHz input of 60 percent o r  2 db of loss. Further advances 
in cutoff frequency could well  reduce this to 1 db, 
Unfortunately, the use of these diodes in standard-size millimeter 
waveguide results in significant circuit losses due to a lowering of the ef- 
fective cutoff frequency. The use of oversized rectangular (typically 
10 times larger than standard in each cross-section dimension) waveguide 
has been previously used to reduce circuit losses at millimeter and submil- 
limeter wavelengths (references 2 to 5) 
The dominant TEIO mode is preserved in the oversized waveguide. 
The effect of loss reduction over that of standard waveguide is approximately 
10:l. 
A number of oversized waveguide components have been previously 
studied using quasi-optical elements such as gratings, prisms, and dielectric 
plates (slabs); they have been described in references 2 to 5. These com- 
ponents include : 
0 
Q 
e 
Double -prism attenuators or  couplers 
Phase shifter using a double prism 
Tuner or impedance transformer using a double 
prism 
Directional and nondirectional filters using 
dielectric slabs 
Crating band-pass filters (nondi re ctional) 
e 
Q 
8 Focused varistor mounts 
3 
6 Bolometer mounts 
6 
0 Tapers 
Ferri te isolator using Faraday rotation 
This work served as a good background for the first phase of this 
contract (reference 1). During this first phase, we presented the theory 
of quasi-optical directional filters formed from iterations of dielectric 
slabs separated by air layers of equal electrical length. Other filters, 
such as a low ripple filter using a multilayer of artificial dielectrics and 
a filter consisting of air layers of electrical length unequal to that of the 
dielectric, were also theoretically analyzed, Step-by-step design pro- 
cedures were also given, 
Three types of tuners were considered from a theoretical standpoint: 
Type 1 : This tuner (Figure 1) consists of two equal fixed value 
susceptance gratings whose separation and distance from the 
load to be matched are variable, 
Type 2 : This tuner consists of two variable susceptance grat- 
ings that a r e  located at fixed positions. Figure 2 shows one 
possible design. The variable susceptance is achieved by 
using slot-type apertures in each grating. Rotation of the 
grating produces a continuous range of susceptance values be- 
tween the minimum value (slot axis perpendicular to the polar- 
ization direction) and the maximum (slot axis parallel to the 
polarization direction). 
Type 3 : A variable susceptance grating, whose distance from 
the load is movable, constitutes this tuner; it is the quasi- 
optical equivalent of a slide screw tuner. Figure 3 shows one 
possible design. The variable susceptance is achieved by 
moving one plate relative to the other. The effective aperture 
areas  a re  varied by prescribed misalignment of identical aper- 
ture within each metallic plate, thereby changing the susceptance 
value at that transverse plane. In addition, this variable sus- 
ceptance plane can be moved along the longitudinal axis of the 
waveguide. 
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Analyses of the matching effectiveness and dissipation loss were 
made on these tuner types. It was concluded that losses were small in all 
cases. The type I tuner was easiest to construct but the type I11 tuner 
(while difficult to construct) had the ability to tune out mismatches closer 
to the load than the other types considered and theoretically could tune out 
a greater range of VSWR's. 
A preliminary study of varactor matching and mounting techniques 
paved the way for the array and focused varactor mounts described herein. 
Methods of measurements in quasi-optical waveguide were considered, 
and recommendations for developing a reflectometer and absolute power 
measurement instrumentation were made. This work was extended during 
this phase of the program, 
6 
General Considerations 
Aided by this previous work, AIL'S approach to this program con- 
sisted of developing a suitable directional filter, tuner, reflectometer, and 
power measurement technique early in the program such that emphasis 
could be placed on experimental evaluation of various quasi-optical varactor 
mounts and their use in experimental doubler circuits. This report treats 
each of these topics in order and concludes with suggestions for future work. 
As required by the contract, two patent review meetings were held; a summary 
of these reviews is given in Appendix B. 
ONAL FILTERS 
A directional filter suitable for use with 30- to 6O-GHz multipliers 
was developed during this phase of the program. The filter was designed 
to have minimum insertion loss (L 
designations) as follows : 
) requirements (Figure 4 for port 
XY 
e At 30 GHz 
= 25 db minimum 
= 0.8 db maximum 
= 35 db minimum 
L12 
L13 
L1 4 
e At 60 GHz 
= 1 db maximum 
= 15 db minimum 
L12 
L13 
L14 = 35 db minimum 
The types of filters considered were: 
I Unequal iteration filter 
e LOW ripple filter 
The first type (Figure 4) was designed using five iterations of quartz- 
air. Each quartz slab's electrical length was about 75 percent thicker than 
the air separation between slabs. The second type, termed the low ripple f i l -  
ter ,  had been designed on paper during phase l of the program (Figure 5 shows 
the results of a design that would almost meet these requirements.) It has 
low (60-db) loss but only 20 db to 30 db loss from port 1 to port 2. This 
was confirmed by the computer aided analysis of the insertion loss versus 
frequency plotted in Figure 6. No further effort was put into this approach 
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because it required the use of low loss artificial dielectrics that were not 
available. Furthermore satisfactory results were obtained with the un- 
equal iteration approach. 
The filter, consisting of five unequal quartz-air iterations, was con- 
structed and the measured results of Figures 7 and 8 show that a useful 
filter could indeed be realized; all design specifications were more than met. 
These results also demonstrate the practical validity of the design proce 
described in the phase 1 report. 
Additional data was obtained on other values of iteration by removing 
quartz slabs from the junctions. Figure 4 also shows the 30 GHz perfor- 
mance with three and four as well as five iterations. The regularity of the 
response pattern was excellent, indicating little or  no higher mode activity 
within the oversized waveguide. 
In summary, the use of five iterations of quartz and air with the elec- 
trical length of quartz being 75 percent greater than the air has yielded a 
filter that is suitable for use in quasi-optical varactor doubler circuits. 
The results serve as further confirmation of the utility of the design pro- 
cedures described in the phase 1 report of this program. 
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FREQUENCY TUNERS 
Tuners capable of matching VSWR's as large as 10A ( at 30 and 
GO GHz) were studied on this program, Initial plans called for emphasis 
on the development of a type 3 tuner. It was considered to be superior to 
the other approaches because it could be placed closer to the varactor mount; 
it did however involve some development risk. The type 2 tuner was  rejected 
because it involved a high development risk with no advantages. The type 1 
tuner involved the least development risk and could tune out the required 
range of VSWR's, it was  considered a suitable alternate in the event that 
the type 3 tuner yielded unsatisfactory experimental results. 
After considerable effort, it was  found necessary to favor the type 1 
tuner because the type 3 tuner had either inadequate tuning range o r  exces- 
sive dissipative loss. The type 1 tuner gave results that were in agreement 
with theory. The type 1 was constructed and evaluated at 30 and 60 GHz 
and used with the multiplier circuits described in the quasi-optical mounts 
and mu1 tiplie r circuits section. 
This section will  first describe AIL'S effort on the type 3 tuner and 
conclude with a summary of results of more successful tests on the type 3 
tuner. 
Type 3 Tuner 
Description. - --Figure 9 shows a cross-section view of the type 3 tuner, 
Figure 10 is a photograph of the type 1 tuner assembly. A fixed and movable 
grating can be moved along the direction of propagation of the waveguide by 
means of the horizontal drive micrometer. There is a wide latitude in the 
type of grating geometry that can be used in both the fixed and movable sec- 
tions. These can be quartz substrates with a variety of metalized patterns 
or  they can be brass plates consisting of arrays of strips o r  holes. The 
I 
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FIGURE 9. TYPE 3 TUNER DESIGN (SIDE VIEW OF ONE-HALF OF TUNER) 
FIGURE 10. TYPE 3 TUNER WITH VARIOUS VAR 
MENTS 
9 
various types of gratings used are also shown in Figure 10, In all cases 
the movable grating is controlled by the vertical drive micrometer. A 
longitudinal slot is provided in the center of the top wall to permit horizontal 
travel of the vertical drive shaft. Perhaps the most critical aspect of the 
design is the requirement of little or no (less than 1 mi l )  spacing between 
the fixed and movable gratings, 
Tuner experiments. --A number of gratings (Figure 10) were tried in 
this tuner structure and a summary of these experimental results are given 
below: 
1. Capacitive gratings on quartz substrate: The nor- 
malized susceptance with the grating open (that is, 
fixed and movable gratings in line) was  0.55. 
Closing the grating fully raised the normalized sus- 
ceptance to only 0.65. To achieve the desired tuning 
range ? this normalized susceptance should vary from 
0.5 to 3.0. These gratings were separated by 5-mil 
thick teflon tape. Results with 3-mil mylar were also 
discouraging. It was thought that there was excessive 
transmission of energy between the plates. 
Variable brass grating: To eliminate the effect of the 
quartz substrates, fixed and movable capacitive grat- 
ings were fabricated. An improved but inadequate 
variation of normalized susceptance from 1 to 1.8 
(with a 1-mil mylar sheet separating the plates) was 
obtained. The insertion loss in the "closed" position 
was  under 1 db which indicated considerable diffrac- 
tion through the plates. 
that a grating with greater overlap in the closed po- 
sition (restricted capacitance grating) would be desir- 
able, 
2. 
This led to the supposition 
3. Restricted capacitance grating: In order to obtain a 
greater overlap in the closed position of the capacitive 
grating, alternate openings were covered with copper 
tape. This reduced the number of openings in the fixed 
and movable plates by a factor of 2. A normalized sus- 
ceptance variation from 1.0 to 2 . 5  was obtained with 
this arragngement. 
varied from 6 to 1 2  db in the open and closed positions 
respectively. This was  traceable to severe "moding" 
The dissipative insertion loss 
20 
caused by use of less than the required number of ele- 
ments for proper quasi-optical operation. Since this 
approach did not seem promising, a resoiiant window 
type tuner was tried next. 
Resonant window grating: This type of grating consists 
of a deposited movable grating, including windows re- 
sonant at 30 and 60 GHz (approximately 1/2 wavelength 
long), which a re  detuned by a deposited capacitive grat- 
ing behind it (Figure 11). A normalized susceptance 
variation of 0. '7 to I. 2 was obtained with a dissipative 
insertion loss of 4 . 5  db. This was again traceable to 
diffraction around the capacitive grating in the closed 
position. A restricted form of this grating, made of 
brass  elements with the capacitive element having a 
much greater overlap in the closed position, gave a 
large variation in normalized susceptance (0 .4  to 2 .5 )  
but produced high (greater than 2 db) insertion loss due 
to moding in open and closed positions. 
Summary of experiments : These results show that no 
combination of adequate Susceptance range or low dis- 
sipative loss was obtained with the type 3 tuner. It 
was therefore abandoned in favor of the type 1 approach. 
4. 
5. 
Type 1 Tuner 
Description. --Figure 1 shows the basic form of a type 1 tuner. It con- 
sists of two equal fixed susceptance gratings whose separation and distance 
from the load to be matched a re  variable. Figure 12 shows the theoretical 
characteristics of a type 1 tuner as worked out and presented in the report on 
the first phase (reference 1) on this project. As can be seen from Figure 12 
it is desirable to use as small a value of normalized susceptance for the 
tuner elements to avoid critical adjustment of spacing for small susceptance 
values. To tune out a 1O:l VSWR(0.67 power reflection coefficient) it is 
required that the normalized susceptance of the tuner elements be approx- 
imately 1 .4 .  This suggested that the elements might simply be quartz 
slabs that a r e  f /4  wavelength long. They wmld produce the effect of a 
normalized susceptance of I. 45 (VSWR = 3 . 8  due to dielectric constant of 
3.8 and quarter-wave thickness). A pair of these quartz slabs should 
21 
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FIGURE 11, RESONANT WINDOW TYPE 3 TUNER 
theoretically be capable of matching VSWR’s as high as 14:l. The following 
experimental results were obtained. 
Experimental evaluation. --Initial experiments were tried using two 
type I11 tuner mounts with quarter-wave quartz slabs replacing the capacitive 
gratings used in the type I11 tuner experiments. The mounts were then bolted 
together to form a type I tuner. The structure is shown in photographs in 
Figures 13 and 14. Figure I 3  shows one-half of the tuner and reveals the 
mounting of one of the quartz slab elements. The results of tests on this 
arrangement a re  given in Table I under initial design, 30-GHz tuner. The 
tests of this arrangement a re  only reported for 30 GHz. The wide slots 
(250 mil) in the oversized waveguide, required to accommodate the type 111 
tuner variable gratings, were found to cause considerable radiation and 
22 
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moding at 60 GMz with consequent high intrinsic losses. These losses 
were minimized in a revised design, using a considerably narrower (32 mil 
wide) slot. This design was  evaluated at 30 and 60 GHz, and the results 
for each frequency are given in Table I. This revised form of the type I 
tuner was  designed to have the greatest tuning range at 60 GHz but, as can 
be seen from Table I, some tuning capability also exists at 30 GHz. The 
maximum normalized susceptance which can be introduced at 30 and 60 GHz 
is 1.8 and 2.2, respectively, with the revised design. The tuner can be 
made to introduce less than 0.1 normalized susceptance in the '"transparent" 
or  open condition. The overall insertion loss varied from 0.15 db at 30 GHz 
to 1 . 6  db at 60 GHz. The higher loss at 60 GHz is attributable to increased 
scattering and consequent moding caused by the metal frames supporting 
the movable quartz elements, as well as the slots in the top and bottom walls 
of the guide. In addition, the dissipative loss of a length of oversized guide 
of the same length as the tuner was found to be 0. 7 db at 60 GHz. Small 
flange misalignments and imperfections in the tapers accounted for most 
of this loss. The elements, therefore, only contributed 0. 8 db loss, mainly 
due to scattering from the quartz plate supporting frames. 
The initial design was used to tune out a quasi-optical hole grating 
having a VSWR of 9.5. The tuner reduced the VSWR to 1;2 while introducing 
a dissipative loss of less  than 0.6 db. The revised design was used to tune 
out a quarter-wave thick quartz plate at 60 GHz, reducing the 3.8 VSWR to 
under 1.01. The loss introduced was less than 1 .4  db. 
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TABLE I. SUMMARY OF TYPE I TUNER TESTS 
Test or  conditions 
Initial Design 
30-GHz Tuner 
Revised Design 
60-GHz Tuner 
Test Frequency (GHz) 30 30 60 
Thickness of quartz elements 47 mils (A at 30 GHz) 75 mils (3/8 A 75 mils (3/4 A 
4 at 30 GHz) at 60 GHz) 
Width of slot--in top and bottom 
walls of oversized guide to per- 
mit axial movement of elements 
(mils) 
2 50 
Minimum VSWR--element spac- 
ing adjusted to give minimum 
VSWR with termination 
Insertion Loss-overall loss (db) 
LOSS of waveguide--same length 
as tuner (db) 
Loss due to tuner elements (db) 
When tuning out a susceptance 
plate having a VSWR equal to 
Total insertion loss of tuner (db) 
1.4 
0.5 
0.1 
0 .4  
9.5 
0.6 
32 32 
1.08 
.15 
0.1 
0.05 
- 
1.01 
1 . 6  
0.7 
0.9 
3.8 
1.4  
Concluding Remarks 
The type 3 tuner results indicate that it is not a practical device. The 
type 1 tuner was found to be capable of matching the desired 10:l VSWR 
range. Losses at 60 GHz were higher than theoretical (1.4 db) but it is 
thought that efforts to minimize moding and slot radiation should substan- 
tially reduce this value. In any event, losses a re  lower than standard 
sized waveguide tuners, and the tuner unit's present form was considered 
adequate for use with the multiplier circuits. 
28 
MEASUREMENT TECHNIQUES 
Effort towards providing measurement techniques for quasi-optical 
multiplier circuits was concentrated in two areas: 
e Development and evaluation of a reflectometer 
0 Power measurement techniques 
A third area, frequency, posed no measurement difficulties. This section 
considers only the first two areas. 
Reflectometer 
The reflectometer consisted of a directional coupler, for monitoring 
incident power, and an identical design for monitoring reflected power. Each 
coupler is a four-port device with a single quartz slab located diagonally 
across the junction area (Figure 15). Effectively, it  is a one iteration direc- 
tional filter with an electrical length of ~ / 2  at 16.2 GHz; the theoretical cou- 
pling versus frequency response is given in reference 1. A photograph of the 
reflectometer assembly is shown in Figure 16. 
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The reflectometer (Figure 15) was first evaluated for its coupling and 
directivity characteristics. It was then calibrated against standard reflec- 
tion coefficients and subsequently used to measure VSWR's of known value. 
To determine the coupling ratios for reflectometer calibration, careful 
insertion loss measurements were made on both couplers at 30 and 60 Gfiz 
as follows: 
Coupler I 
(at 30 GHz) 
(at 60 GHz) 
Coupler I1 
(at 30 GHz) 
(at 60 GHz) 
Ports 1 to 2 IL = 0.75 db 
Ports 1 to 3 IL = 9 . 5  db 
Ports 1 to 4 IL = over 35 db 
Ports 1 t o 2  IL = 1 . 3  db 
Ports 1 to 3 IL = 5.5 db 
Ports 1 to 4 IL = over 35 db 
Ports 1. to 2 IL = 0.75 db 
Ports 1 to 3 IL = 9.0 db 
Ports 1 to 4 IL = over 35 db 
Ports 1 to 2 IL = 1.5 db 
Ports 1 to 3 
Ports 1 to 4 IL = over 35 db 
It was found that these measurements could be in e r ro r  if there was any re- 
flection from the unused ports. Thus, for our measurements, short sections 
of oversized waveguide filled with absorbent material were used as matched 
terminations. The V R of these terminations was measured through a 
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taper using a slotted line in standard 30 to 60 GHz waveguide. The results 
were: 
at 30 GHz 
at 60 GHz 
VSWR = 1.13 
VSWR = 1.02 
Thus, it was concluded that these were good terminations for our purposes, 
The arrangement of the couplers to be used for VSWR measurements is 
shown in Figure 15. With this setup, the magnitude of the reflection coef- 
ficient is given by: 
and the VSWR is 
1 +fi kl 
k2 d m T  
VSWR = 
kl 
k2 
From the insertion loss measurements given, kl and k2 were calculated at 
both 30 and 60 GHz. The results were: 
at 30 GHz kl = 0.335 
k2 = 0.355 
kl = 0.531 
k2 = 0.563 
at 60 GHz 
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Substituting these values into the preceeding equations yields: 
at 30 GHz 
VSWR 
at 60 GHz 
1 + 1.34 
p* 
V I  VSWR = 
1 -  1.34 
To calibrate the reflectometer, plots were made of VSWR versus P2/P1 and 
these are shown in Figure 17. 
In order to check the calibration of the reflectometer, it was necessary 
nown VSWR to measure. Two types of known loads were use 
tanee grating and a quarter-wave dielectric slab. The grating and its 
e~uivalent circuit are shown in Figure 18. 
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The insertion loss produced by a susceptance grating is given by: 
L = l + -  b2 
4 
and the resulting VSWR is: 
1 
. VSWR = 
An approximate equation for predicting the susceptance is given (reference 6) 
as:  
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he grating which we used had dimensions: 
a = b = 0.160 in. 
d = 0.160 in. 
The calculated values of susceptance are therefore: 
at 30 GHz 
at 60 GHz 
B = 3.3 
B = 1.65 
Thus, we expect a VSWR of about 13 at 30 GHz and a VSWR of about 4.5 at 
60 GHz. The VSWR at 30 and 60 GHz was then measured by the reflectometer, 
insertion loss, and slotted line in  input waveguide, as follows: 
at 30 GHz 
Reflectometer VSWR = 9.5 
Insertion Loss VSWR = 9.2 
Slotted Line VSWR = 9.8 
at 60 GHz 
Reflectometer VSWR = 2.0 
Insertion Loss VSWR = 3.0 
Slotted Line VSWR = 2 . 1  
Another known VSWR used was a quarter-wave dielectric slab placed across 
the waveguide perpendicular to the walls. The VSWR produced by this slab 
is equal to the dielectric constant of the material. At  30 GWz a quarter-wave 
section of quartz is 0.050 inch and its dielectric constant is about 4.0. Again 
the VSWR was measured by: 
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Reflectometer VSWR = 4.1 
Insertion Loss V W R  = 4.1 
Slotted Line VSWR = 3.9 
It appears from these measurements that the reflectometer can be used 
for reasonably accurate measurements of the mismatch present in oversized 
waveguide. 
Power Measurements 
In the evaluation of power output and efficiency of multipliers, it is nec- 
essary to measure the absolute power. At the start of this program, it was 
believed that a quasi-optical bolometer would have to be constructed but it 
was found that adequate accuracy could be obtained from commercially avail- 
able bolometers. The method by which power measurements were taken on 
this program is described in the following paragraphs. 
The available power at 30 GHz was measured using a taper connected 
to the mount end of the directional filter using a Hewlett-Packard Model R486 
waveguide bolometer mount and Model 431 power bridge. 
To make it possible to readily measure low harmonic power levels, the 
klystron source was square-wave modulated so  that the detected harmonic 
output could be read on an indicating tuned amplifier. The peak available out- 
put at the mount was 80 mw, for the tests reported during this period. A 
higher-power output klystron is on order. 
The power at the harmonic frequency of 60 GHz was measured using a 
calibrated TRG Model E993 bolometer mount used with a Hewlett-Packard 
430C power bridge. The bolometer mount was found to have a loss of 1.2 db 
due to reflection and attenuation losses in  the mount. This correction was 
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applied to the indicated power. A 60-GHz waveguide detector, feeding the 
tuned indicating amplifier, was then calibrated to measure power levels down 
to -45 dbm. 
We estimate that power output and efficiency were measured to 21 db, 
with the above procedures. This was adequate for the present program. 
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UASI-OPTICAL MOUNTS AND MULTIPLIER CIRCUITS 
General Considerations 
The quasi-optical multiplier mount* consists of a varactor o r  group of 
varactors suitably imbedded (mounted) to efficiently absorb fundamental fre- 
quency energy and transform it to harmonic (output) frequency energy. In ad- 
dition, a mount in oversized waveguide must generate a proper field pattern 
at the harmonic frequency to duplicate, or  at least resemble, the oversize 
TElo o r  quasi-optical mode configuration. 
In this program varactor mounting techniques and their equivalent cir- 
cuit representatives were explored to find arrangements that would give the 
most efficient operation. Varactors were incorporated into multiplier ele- 
ments which served to efficiently couple the varactor to the incident field. 
The generated harmonic energy would then be radiated by this same structure. 
The complete mount is designed to combine harmonic energy from the various 
multiplier elements in a way that would substantially reproduce the TE 
The type of mount design depends largely on the number of varactor elements 
which is in turn related to the required power handling capacity. The basic 
types that were considered are:  
mode. 10 
Q 
8 
Point-focus mount, example : parabolic reflector 
Line-focus mount, example : cylindrical parabola 
Array-mount, example: planar array 
* Emghasis (in accordance with the Work Statement) is placed on frequency 
doubling, but many of the techniques are partially applicable to triplers. 
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The term point-focus mount designates the use of one varactor incor- 
porated into a multiplier element located at the focus of a parabolic reflector 
that is illuminated by an oversized waveguide, The designation is used as a 
convenience, since the energy is not actually focused to a point but into a 
"circle of confusion" as described in reference 7. Similarly, the line-focus 
mount refers to focusing energy into a narrow rectangular area, the height of 
the oversized guide, by a cylindrical parabolic reflector. A number of varac- 
tor elements a re  placed along this line of focus in a collinear fashion. 
The third type of mount is of a nonfocused nature. It consists of a num- 
ber of varactors connected in a prearranged pattern within a single cross- 
sectional plane. Ideally, this varactor arrangement o r  array would receive 
the incident plane wave, converting it to second harmonic energy, and re- 
radiate it without altering the field distribution o r  energy density configuration 
in the waveguide. 
The investigations that follow were intended to explore the required in- 
put power levels and relative efficiency of each basic type of mount, In addi- 
tion, the suitability of presently available varactors, for use in  the multiplier 
elements, was evaluated. This was accomplished by incorporating the varac- 
tors in line and point-focus mounts. Based on these results, recommendations 
for improved varactors, for eventual use in large multiplier arrays, are given. 
The following sections deal specifically with applications of multiplier 
theory to quasi-optical element and mount design and varactor parameter con- 
siderations. The results of tests on experimental multipliers a re  given and 
general conclusions are  drawn. 
Theory 
The basic theoretical requirement for an efficient multiplier circuit is 
that the reactance of the varactor mount be tuned out by a network which can 
simultaneously tune the mount at the fundamental and harmonic frequencies e 
In addition, the network in conjunction with the design of the mount will  trans- 
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form the impedance levels, at  the fundamental and harmonic frequencies, to 
values needed for efficient operation (reference 8). 
The basic theory on varactor multipliers (reference 8) is essentially 
valid for  the quasi-optical varactor multipliers as far as the required imped- 
ance levels at the input and output frequencies, impedance loading effects, 
and the approximate expected efficiencies versus the figure of merit for the 
varactor are  concerned. Since the beam-lead (or the miniature chip) varac- 
tors do not observe the abrupt junction characteristics for which the multiplier 
theory in reference 8 was derived, slight changes are  needed to compensate 
for the difference. Reference 9 indicates some improvement in the varactor 
double mathematical solution, when not only the voltages and currents a re  at 
the fundamental and the second harmonic, but also when the open circuit volt- 
ages at the third and fourth harmonic frequencies (but no currents) a r e  allowed 
across the varactor junction. These assumptions may not be realistic, thus 
more reliance was  placed on the approach discussed in reference 8. Additional 
theoretical and experimental work will  be necessary to determine the final 
impedance matching parameters in application of a varactor array (of four to 
eight varactors in a prescribed pattern) to the doubler circuit. 
Diode Element Design Considerations 
The individual varactor diode element in the array should fulfil the fol- 
lowing requirements: 
1.  Match the incident fundamental frequency plane wave to 
the 'pumped" varactor input resistance without intro- 
ducing spurious modes in  i ts  region of influence in the 
mount e 
Tune out the varactor-pumped capacitance and stray 
reactances at that fundamental frequency. 
Present to the varactor junction the harmonic load im- 
pedance giving maximum efficiency and power output, 
or  the best compromise of these requirements. Gen- 
erally, the load for maximum efficiency is reasonably 
2. 
3. 
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close to the load required for maximum power output 
that a reasonable compromise is possible. 
Efficiently launch the harmonic energy into the over- 
sized waveguide medium in a way that will generate 
the required field intensity (in its area of influence) 
to reproduce with the other elements of the mount a 
reasonably pure TEIO plane wavefront. 
4. 
Meeting all of these requirements simultaneously, with a reasonably 
simple structure for each element, is difficult. An attempt will be made to 
at least approximate these requirements so that the susceptance tuner will 
only have to correct for  residual mistunings and mismatches due to variations 
in the varactor characteristics, structure tolerances, and design limitations. 
It should be noted that much of the problem relates to efficiently coupling 
the diode element to a plane wavefront. This naturally suggests a receiving 
o r  transmitting antenna to efficiently couple energy in a plane wavefront to a 
two-terminal load, or  launch a plane wavefront from a two-terminal source. 
The analogy to "receiving" fundamental energy and transmitting the generated 
harmonic energy from the two-terminal varactor element, is obvious. It is 
with this in mind that various antenna structures have been considered for use 
with the varactor element. Discussion of some of the more promising antenna 
structures will follow. 
Dipole elements. --The dipole is one of the most basic antenna structures 
and is capable of transforming the 377-ohm intrinsic impedance of free space 
to a wide range of resistances and reactances at its terminals. The TEIO mode 
impedance in an oversized waveguide medium closely approaches the 377-ohm 
free space impedance. The reactance and resistance at the dipole terminals 
c can be varied by changing the ratio of the electrical length to the diameter ( T ) ~  
the electrical length (c) ,  and the shape of the elements (for example, cylindrical, 
conical, etc. ). 
Assume that the varactor is connected to the center terminals of a dipole 
that is 1/2 wavelength at the fundamental frequency of 30 GHz. The idealized 
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current distribution (neglecting end effects) would be as shown in Figure 19A. 
A current maximum would occur at the center of the dipole. For a simple di- 
pole having a large t / d  ratio (greater than loo), the impedance of plane wave 
would be transformed to about 72 ohms at the center of the dipole. 
The dipole can be approximated by the lumped equivalent circuit shown 
9C. The L and C elements a re  due to the distributed nature of the 
elements, The R's are the components of radiation resistance resulting from 
coupling to free space. At  30 GHz, the reactance of the L and C elements 
cancel (series resonance) leaving only the radiation resistance of 72 ohms at 
the terminals. From Figure 3-3 of reference 10, it can be seen that the an- 
tenna radiation resistance can be made to vary from 2 to 200 ohms by changing 
t and $/de A s  will be shown later, this covers the range of required input 
resistance of available varactors, 
Now consider operation at the second harmonic. Two current loops 
would occur with a voltage maximum (and therefore a current minimum) 
occurring at the varactor terminals. The lumped equivalent circuit is shown 
in Figure 19D. At 60 GHz, the circuit acts like a parallel resonant circuit 
transforming the radiation resistance to a high value at the terminals. This 
is in contrast to the operation at the fundamental frequency where the circuit 
behaves more like a series resonant circuit. By varying t and t /d,  the radia- 
tion resistance can be made to vary over a range from under 10 to over 
2000 ohms. This covers the range of required load resistance for available 
varactors as will  be shown later. 
How the varactor dipole should be oriented in the medium can be deter- 
mined by considering the radiation pattern of half- and full-wave dipoles in 
free space. The half-wave dipole has the familiar bidirectional radiation 
pattern in free space. By placing a passive reflector at a distance of about 
wavelength from the varactor, the unidirectional pattern shown in Fig- 
ure 1933 will be obtained. This would be the pattern for energy incident on 
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the dipole varactor element at 30 GHz. At  the second harmonic, the radia- 
tion pattern shown in Figure 19F would be similar but have greater direc- 
tivity because of the larger effective aperture. The spacing of the reflector 
would now be 0.2 wavelength which would still give a unidirectional pattern. 
This would be the pattern of energy radiated by the dipole at the second har- 
monic frequency. The dipole should be oriented so that its length (t) is 
parallel to the electric vector of the TEI0 mode in the oversized medium. 
The patterns shown are correct when observed from a distance sufficiently 
great so that the contributions from the various portions of the dipole can be 
considered to arrive at the point of observation in phase. This is designated 
as the Fraunhofer or  far-field region in antenna theory. In the case of an- 
tennas, the far-field region is usually taken to be - 2D2 , where D is the ef- 
fective aperture of the antenna. For  a dipole, this can be considered to be 
its length. At 30 GHz, the far-field region would begin about 1/2 wavelength 
o r  0.196 inch in front of the dipole, while at 60 GHz it  would begin 2 wave- 
lengths or  0.392 inch in front of the antenna. 
x 
The major disadvantage of the dipole approach is that introducing fixed 
external bias entails considerable complications. The bias leads must be de- 
coupled from the antenna at 30 and 60 GHz and must not appreciably disturb 
the field around the dipole if higher mode generation is to be avoided. Refer- 
ence 11 indicates that resistance loading provides good efficiency at higher 
drive levels. Methods of introducing dc resistance loading without appreciable 
RF loading are available and will be described in the section on experimental 
mount designs. 
Quasi- Optical Mount De sign C o ns ide rat ions 
After careful consideration of various factors, advantages, practical 
realizability, and limitations, the acceptable basic varactor mounting con- 
figurations have been reduced to the following: 
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Q Focused var ac to r mounts 
e single varactor 
0 collinear array of varactors 
0 Varactor planar-array mount 
These will  be discussed in the following paragraphs. 
Single varactor mount, --The simplest varactor mount consists of a 
single varactor situated within o r  without the oversized waveguide area and 
a focusing device (such as the parabolic reflector) shown in Figure 20A. 
Energy focusing devices (such as metal reflectors) have an inherent 
imperfection, or  circle of confusion, at their focal point, at finite incident 
wavelengths. The diameter d of this circle of confusion (or focal point di- 
ameter) can be expressed in terms of the focal length of the device F, inci- 
dent wavelength A, and aperture dimension D (diameter of a circular an- 
tenna aperture o r  side length of a square antenna aperture) by: 
The constant k usually assumes values 0.89 - -  < k < 1.5 depending upon the 
illuminated aperture edge contour shape and the incident power distribution. 
Actually, the circle of confusion is part of a fringe pattern of the power 
reflected by the antenna at its focal plane. The circle of confusion diameter 
is defined as the distance between half-power points (3-db below peak re- 
flected power) of the main lobe. From the equation, it is evident that the 
circle of confusion would be negligible (that is, ideal point-focus solution of 
geometric optics applies) if the illuminated aperture is very large as in a 
case of antenna dishes o r  the wavelength is very small (for example, visible 
light spectrum). In our case, neither is true. The energy density in an 
oversized waveguide is not evenly distributed, as in  a plane wave case, over 
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the cross-sectional area of the waveguide. Rather it resembles TEIO mode 
distribution (that is, peak density at the center, receding sinusoidally toward 
the sidewalls) at 33  GHz, 
10 times oversize D = 2 . 1  inches (average of 2.840 inches and 1.420 inches). 
Using F = 2-inch parabolic reflector, the circle of confusion has a diameter 
d = 0.35 inch. Some input energy would therefore be lost due to phasing dif- 
ference at the varactor located at the focal point, but the efficiency of a varac- 
tor multiplier should not suffer excessively at this point. This particular 
mount is useful in optimizing a single dipole-varactor element for incorpora- 
tion into one of the array multipliers discussed later, 
= 0.358 inch in  WR 284 waveguide, which is 
The major drawback of the single varactor focused mount is that it is 
limited in its power handling capacity to the dissipation capability of a single 
varactor. Since the varactor junction size is limited, to obtain the required 
low-junction capacity needed for high-f requency operation, the power dissi- 
pation capability of a single varactor is limited to about 200 mw. Assuming 
25 percent efficiency, such a mount would be limited to an output of 60 mw. 
Since higher power capability is desirable, a means of efficiently coupling 
more varactor elements to the incident plane wave are  of interest. 
Collinear array focused mount, --If a cylindrical parabolic reflector is 
used, instead of the parabola of revolution type of reflector previously dis- 
cussed, the incident energy will  be focused into a line having a width equal to 
d in the preceding equation for the circle of confusion. Dipole varactor ele- 
ments could then be placed end-to-end along the line of focus. Each element 
would absorb equal amounts of energy from the incident field since each lies 
along a line of constant field intensity. To simplify construction of such a 
mount, a corner reflector is used to focus the energy. Another advantage is 
that the location of the element is much less critical in this type of reflector. 
This type of mount is shown in Figure 20B, using a collinear array of five 
dipoles. Because the dipoles are usually considerably less than a 1/2 wave- 
length at the fundamental frequency, up to 14 elements are accommodated in 
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the oversized medium. The elements are  supported by dielectric rods, Since 
the position of the elements could easily be made variable, a method of com- 
pensating for small differences in phase is available. This can be used to help 
reduce moding problems due to launching of a nonplanar phase front wave at 
the harmonic frequency. This type of focused mount can be built using either 
commercial o r  beam-lead varactors. The latter would provide considerably 
higher efficiencies for reasons previously mentioned. 
Varactor planar-array mount, general concepts e --Another way of mount- 
ing a number of varactors in an oversized waveguide is to connect them in a 
prearranged pattern within a single cross-sectional plane a s  shown in Figure 21. 
Preliminary studies of the optimum number of varactors to be used in such an 
array were carried out. If the point of view used in design and representation 
of passive oversized waveguide obstacles (like susceptance grids) , where the 
obstacle is required to present a most uniform possible pattern over the entire 
cross-sectional area, were accepted in the active array case it would imply 
that "spheres of influence" exist for each individual diode element. In other 
words, two diode elements would absorb more energy than one, until the inter- 
ference o r  overlap of the spheres of influence sets in the law of diminishing 
return. Many diode elements would be required to intercept a plane wave in 
a given open space; yet a single element (or several in  series at one point) is 
the most efficient way to absorb energy in one-moded waveguide (that is, TEIO 
mode) e 
One way of viewing the frequency multiplication process in an oversized 
waveguide is to assume that the action of the varactor array resembles digital 
sampler characteristics. It receives, converts, and regenerates a portion of 
the total pattern without altering the field distribution o r  energy density con- 
figuration within the waveguide. Figure 22 depicts this process, The incident 
and identical harmonic electric field distribution and the varactor pattern is 
represented as a vertically polarized electric dipole antenna array. Assump- 
tions necessary for this rather simplified representation are  quite restrictive. 
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All the varactor elements in the array should be identical, which includes the 
input/output impedances and efficiency parameters at different input power 
levels. This is necessary to maintain the electric field distribution (relative 
magnitudes within the overall pattern) and the wave front (relative phase) un- 
altered. 
Dipole element array. --One practical way of approximating the planar 
array previously discussed, is to arrange varactor dipole elements to inter- 
cept the incident plane wavefront similar to a multielement antenna array. 
The number and spacing of the elements would be determined by power handling 
considerations and the necessity to absorb the fundamental energy so that it 
would not cause major distortions in the TE field pattern. The second har- 
monic energy generated by varactors in each dipole would have to be launched 
so as to approximate the TE 
medium . 
-__I 
10 
field configuration required by the oversized 10 
The antenna concept of effective aperture may be useful because it is 
related to the sphere of influence concept used in the design of various quasi- 
optical components. The maximum effective aperture is defined in refer- 
ence 12 as W/P, where W is the total power in the incident wave and P is the 
average power density of the plane wave. Effective aperture of an antenna 
element may be thought of as the frontal area from which the receiving antenna 
will extract signal power from an incident plane wavefront. Conversely, it is 
the area into which it will effectively radiate power when used as a trans- 
mitting antenna. Sometimes this concept is also called capture area. The 
physical aperture is a measure of the area physically occupied by the antenna 
and may be greater or  smaller than the effective aperture. The effective 
aperture of a half-wave dipole element at 30 GHz is shown in Figure 23A and 
the effective aperture at 60 GHz is shown in Figure 23B. One af the most im- 
portant reasons for determining the effective aperture size is that it provides 
a key to the distance that should be used when spacing dipole elements in an 
. A rule of thumb used in stacking dipole arrays is that the spacing 
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should be such that the effective apertures just touch one another. E the an- 
tennas are spaced closer than this, the effective apertures overlap and the 
gain of the array is reduced. If the dipoles a re  spaced too f a r  apart, the over- 
all far-field pattern will break up into lobes producing large deviations from 
linear phase in the array. A small array (in terms of the number of possible 
elements, based on aperture considerations) is presently being investigated 
to explore these questions; which should help in designing efficient large 
scale arrays.  Based on the effective aperture of practical small dipole ele- 
ments, over 100 elements could be assembled in  a large array. This would 
only be practical using beam-lead varactors with dipole elements printed on 
a substrate. Figure 24 shows a possible arrangement. The distribution of 
elements would probably follow the cosinusoidal pattern of the TEIO mode. 
Since less power density is present at points further removed by the guide 
center, fewer elements would be required and taper to none at the guide walls. 
The wiring for introduction of dc bias (or self-bias induced by series con- 
nected parallel resistance and capacitance to ground) is not shown in the varac- 
tor array drawings, These may be introduced on the supporting plane on which 
the varactors would be mounted. A future program would be required to work 
out the design of such an array.  Since the cost of building such a large-scale 
array would be formidable, it would be desirable to first investigate smaller- 
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scale arrays to determine if adequate harmonic power and efficiency could be 
obtained in a lower cost structure. This would determine if the investment in 
a large-scale array would be justified. 
Varactor Consider at ions 
The achievable efficiency and power handling capacity of any multiplier 
is influenced to a large degree by the type of nonlinear device (varactor) that 
is available. Since the object of this program was  to study the merits and 
limitations of various varactor mounting arrangements, it was expedient to 
use commercially available encapsulated varactors. Once the best arrange- 
ment is determined, the configuration and characteristics of beam-lead varac- 
tors (unencapsulated) suitable for use in the proposed doubler varactor mount 
can be specified. It would then be desirable to have an array of custom-made 
unencapsulated varactors based on these specifications. This would require 
a separate contract issued by NASA ERC to a qualified company. As a parallel 
effort (or if the custom array could not be funded), it is proposed that the de- 
velopment of a doubler varactor mount using the best available commercial 
varactors be continued. 
The realization of practical diode elements, and a discussion of optimum 
varactor elements, follows. 
Practical realization of diode elements. --The practical realization of 
multiplier elements was investigated using commercial encapsulated varac- 
tors. The objective is to evaluate these approaches so that the characteristics 
of unencapsulated custom-made varactors can be specified. 
Figure 25A shows the lumped equivalent circuit of a commercial 
Sylvania 5 147C micropill varactor, The cutoff frequency of these varactors 
is 300-GHz minimum at -6  volt bias. This determines the varactor series 
resistance. The maximum efficiency obtainable from this type of varactor is 
about 21 percent as calculated from the theory presented in reference 8. This 
calculation is presented in Appendix 6. 
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According to Figure 8-8 of reference 8, the input impedance of an 
abrupt junction varactor doubler at 30 GHz would be about 1.6 times the 
varactor ser ies  resistance for a cutoff frequency of 300 GHz. A load resis- 
tance of I. 8 times the varactor series resistance should be present across 
the junction for  maximum power output. A s  can be seen from Figure 25A, 
a practical encapsulated varactor design has stray series inductance (mainly 
due to the ribbon contacting the junction) and stray capacitance (mainly due 
to the dielectric case, usually alumina) which introduce reactances which 
cannot be neglected. Figure 25B shows the reactances of these strays as well 
as the junction at 30 and 60 GHz. The circuit can be transformed to a simple 
effective series RL circuit at 30 GHz and parallel RC circuit at 60 GHz, by 
application of network theory. The choice of series and parallel representa- 
tions at 30 and 60 GHz, respectively, is in line with the previous observation 
that a center-fed half-wave dipole element acts as a series circuit while this 
dipole at the second harmonic acts as a parallel resonant circuit since it is a 
full wavelength long at this frequency. Reference 10 (Figures 3-13 and 3-14) 
gives measured values of conical unipole resistance and reactance. These 
are doubled for a biconical dipole. The resistance and reactance of a par- 
ticular biconical dipole are given in Figure 25D at 30 and 60 GHz. The dipole 
length and flare angle were chosen to provide for tuning out the reactance of 
the varactor as shown in Figure 25C. The antenna acts as the varactor source 
having 55-ohm resistance which feeds the varactor transformed resistance 
component of 17 ohms. This gives a residual VSWR of 3.2 to be tuned out by 
the susceptance tuner at 30 GHz. At the second harmonic, the dipole has a 
parallel equivalent impedance of 410 ohms when the shunt capacitance is tuned 
out by the shunt inductance across the diode terminals. The varactor is the 
source at the second harmonic and feeds a load of 410 ohms which introduces 
a mismatch of 1.3: l .  Since this is a good match, probably very little exter- 
nal tuning by the susceptance tuner would be required. In practice, the 
presence of the large conductive screen behind the element (required for  
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unidirectional field pattern) tends to lower the dipole terminal impedance. 
This tends to move the impedance values, given in Figure 25 for the biconical 
dipole in free space, closer to the values in Figure 25C required for optimum 
matching of the varactor at fundamental and harmonic frequencies, 
This analysis is presented to  indicate that, theoretically, it appears 
that the required impedance levels can be obtained by using some form of 
simple antenna in conjunction with a commercial varactor. In practice, the 
variation in varactor strays and the unpredictable effect of antenna terminal 
reactances make it mandatory to experimentally determine the required an- 
tenna dimensions using the paper design as a starting point. 
Figure 26A shows the application of the conical dipole as a multiplier 
element using a commercial micropill varactor. The figure is approximately 
to scale and clearly shows that even the smallest available commercial varac- 
tor is large compared to the element dimensions. This makes the validity of 
the type of design given in Figure 25 doubtful, since the varactor size greatly 
disturbs the field in  the vicinity of the dipole terminals. The optimization of 
dipole elements would have to, therefore, rely heavily on cut-and-try methods. 
Bias could be introduced through a choke of fine wire which should not unduly 
disturb the operation. The spacing of the reflecting sheet is 0.15 wavelength 
at 30 GHz and, therefore, 0 .3  wavelength at 60 GHz. The dipole will have a 
unidirectional pattern at spacings up to 0 - 4  wavelength with only minor changes 
in gain. The effect on dipole terminal impedance at  spacings less than 0.2 wave 
length is very pronounced and could possibly be used as an additional degree of 
freedom in tuning the element. 
Optimum varactors. --The use of commercial varactors for a high effi- 
ciency multiplier circuit at frequencies above X-band has several major dis- 
advantages. The package capacitance and inductance must be tuned out or  used 
as part of the transforming network to provide the optimum impedance levels 
at the varactor junction. If the stray reactances were lossless, the only effect 
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would be to greatly reduce the bandwidth and stability due to the rapid change 
of varactor terminal impedance with frequency and drive level. The greatest 
problem is that the alumina case tends to become lossy and support higher 
order dielectric modes at frequencies above 40 GHz (for the 5147 type of 
varactor which is the best commercial available unit at present). This tends 
to cause high losses at 60 GHz and consequent inefficient operation and rapid 
change in harmonic output with slight changes in fundamental frequency due to 
exciting various possible dielectric modes e Furthermore, while usable oper- 
ation at 60 GHz may still be possible with commercial varactors, the problem 
would become intolerable at higher frequencies where the use of quasi-optical 
multipliers becomes even more attractive. With the recent introduction of 
semibeam-lead varactors (and varistors as well) into the market, the parasitic 
susceptance effects become less prominent. The efficiency of such varactors 
at millimeter wavelength is considerably improved. 
An unencapsulated beam-lead varactor is used with a conical dipole in 
Figure 26B. In comparing this arrangement with that using the encapsulated 
varactor shown in Figure 26A, it becomes apparent that the small size of the 
junction makes it possible to more closely approximate the terminal impedances 
predicted by the references. In this case, the dipole would be supported by a 
dielectric plate which would have little effect on the operation of the dipole 
element. The element shown in Figure 26B uses floating dc open bias which 
is considered the most practical with this type of element if high drive power 
is used, 
An added benefit of incorporating the bulk of the rnatching in the varactor 
element is that it tends to widen the circuit bandwidth and consequently tends 
to discourage parasitic oscillations. In addition, the susceptance tuner adjust- 
ments will become less critical, The directional filter provides a fairly con- 
stant dissipative load to the varactor mount at all frequencies. This would 
tend to help damp out undesirable parasitics provided that it is not obscured 
by inordinately high values of susceptance in the tuner that is located between 
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the directional filter and the mount. High values of susceptance would be re- 
quired if the matching of the elements in the mount were very poor. 
If a 30-GHz doubler, having a doubling efficiency of 50 percent were to 
be realized, a varactor having a cutoff frequency at breakdown of 750 GHz is 
required according to reference 8, Figure 8-6. According to Figure D-1 of 
reference 8, a junction capacity of 0.07 pf at breakdown would be required. 
Semibeam-lead varactors of the required capacitance range, breakdown volt- 
age, and cutoff frequency have been made for use in microstrip paramp cir- 
cuits by Sylvania Semiconductor Division on a custom design basis. Fig- 
ure 27 shows one of the available physical configurations. The varactors are 
available without epoxy over the junction area to further reduce stray capaci- 
tance. This would probably not be desirable from reliability considerations 
since slight flexing of the substrate mount could easily destroy the junction. 
A possible approach in developing a high-efficiency doubler on a future 
program would be to obtain a number of varactors of the type shown in Fig- 
ure 27. These would be mounted in various diode element structures such as 
Figure 28. Once a satisfactory (individual) element design is evolved, the 
element structure [that is, fan-dipole (minus varactor)J shown in Figure 28 
would be printed on the substrate. The substrate could then be shipped to the 
semiconductor manufacturer (for example, Sylvania) who would install the 
varactors in the elements, The following list shows varactor characteristics 
suitable for conversion efficiencies of 25 and 50 percent in a 30- to 6OGHz 
doubler. It may be desirable to compromise on lower efficiency in  a prototype 
design to reduce the cost of the semiconductors. The capacitance values a re  
based on those presently available in semibeam-lead configurations f rom 
Sylvania. 
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The Central Research Group of AIL has developed experimental semi- 
encapsulated varactors with cutoff frequencies as high as 1000 GHz at -6  v 
which might be incorporated in a focused mount. A mount using these varac- 
tors will  be described in the section on experimental mounts. 
61 
A. PHOTOGRAPH 
D I P O L E  ELEMEMT 
CORMER REFLECTOR 
30-GHz E-H TUMER 
30-GHz SOURCE 
WAVE ~ 
MODULATOR 
0- 1468 
0- 1467 
OVERSIZED 
WAVEGU I DE 
LOAD D I R E C T I O N A L  F I L T E R  
6 0 - G H z  E-H TUHER 
60-GHz DETECTOR Q TUMED I M D I C A T I M G  AMPLl FI  ER 
FIGURE 28. PLIER TEST SETUP 
62 
Experimental Multiplier Mounts 
The objective of experimental evaluation of various multiplier mounts 
was  to determine their ultimate potential in regard to: 
e Efficiency 
Input drive - level requirements 
Q Power handling potential 
Q Ease of adjustment 
B Complexity- -mechanical tolerances 
In addition, it was desirable to compare the efficiency obtainable by 
quasi-optical techniques with those achievable in standard waveguide multi- 
plier mounts. The mounts were built using commercially available encap- 
sulated varactors because of cost and availability considerations. The mounts 
gave an insight into the limitations of available encapsulated varactors. Pro- 
posals can, therefore, be made for further refinements in both varactors and 
mounts to be incorporated in a high-efficiency doubler prototype to be built on 
a future program. 
Figures 28A and 28B include a photograph and a schematic of the standard 
test setup used in the evaluation of the experimental mounts. A 30-GHz source, 
with an available power of 325-mw fed through an isolator and standard wave- 
guide tuner, was fed into a taper which was  connected to the 30-GHz input of 
the directional filter, The multiplier mount was  connected to the second port 
of the filter. The 60-GHz energy generated in the mount emerged from port 3 
of the directional filter and was tapered to standard waveguide, which was cut- 
off to 30 GHz, but supported propagation of 60-GHz energy. A standard wave- 
guide 60-GHz tuner was used ahead of the harmonic load which was  either a 
calibrated bolometer mount or crystal detector (for low-level signal detection) 
Standard waveguide tuners were used in most of the tests because the 
quasi-optical tuners were being developed in parallel with work on the multi- 
plier mounts. Subsequent tests indicated that the 30-GHz type P tune 
the achievable efficiency as much as 3 db with a typical line-focus mount. 
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Since the purpose of this phase of the experimental effort was to evaluate 
the relative efficiencies achievable with different types of mounts, it was de- 
cided to use the same type of multiplier element in all the tests. 
The Sylvania type 5253 mixer diodes were chosen as multiplier elements 
because they were inexpensive and had sufficiently small parasitics for satis- 
factory operation at 60 GHz. In addition, their physical configuration was ideal 
for this application. This varistor is approximately 1/2 wavelength at 30 GHz 
and therefore acts like a resonant electric dipole when mounted with its axis 
aligned with the incident electric field, Initially, the dipole element was dc 
coupled to an external load through a ser ies  decoupling choke arrangement 
which presented a high impedance at the fundamental and harmonic frequencies. 
It was found that the conversion efficiency varied less than 10 percent when the 
external dc resistance was varied from 0 to 300 ohms. Consequently, the 
varistors were dc shorted for subsequent tests. The coaxial bias line could 
be eliminated by providing a dc short circuit and an approximate RF open cir- 
cuit by the ser ies  quarter-wave stub arrangement shown in Figure 29. At  
30 GHz, the left hand stub is an open circuit and at 60 GHz the right hand stub 
has a high R F  impedance. A rexolite rod was used to support the dipole in the 
mount, 
The following sections describe the experimental multiplier mounts and 
summarize the comparative experimental results. Mounts using the 5147 com- 
mercial varactors and a semi-encapsulated experimental varactor a re  described 
and then are  followed by general conclusions derived from the experimental ef- 
fort a 
Full parabola mount. --The most elemental type of quasi-optical multi- 
plier mount consists of a parabolic reflector which focuses the incident energy 
into a small area as described earlier and shown in Figure 20A. The multi- 
plier element is located at the focal point. Figure 30 shows the details of a 
typical experimental mount. The location of the parabolic reflector, relative 
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to the oversized waveguide output flange, can be seen in the side view. The 
mount in the photograph of Figure 30 was set  up for the tunable varactor di- 
pole element to be described later, The reflector surface tolerance is de- 
signed for satisfactory operation to 90 GHz. A l-mil thick mylar sheet is 
used to support the standard multiplier (Figure 29) element at the geometrical 
center of the oversized waveguide, The Sylvania 5253 nonlinear element is 
dc shorted (RF open) by the trap arrangement described previously and shown 
in Figure 29, 
The mount of the reflector permits experimental adjustment of the dis- 
tance between the multiplier element and the reflector. 
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he dipole multiplier element has a bi-directional radiation pattern and, 
therefore, intercepts some of the incident 30-GHz energy directly rather than 
via the parabolic reflector. Since this energy is out of phase with the energy 
reflected from the parabola, most of it would probably be lost due to moding. 
Similarly, part of the generated 60-GHz energy is scattered directly back into 
the guide without going via the reflector, thereby causing additional scattering 
and moding loss. A small reflector disc placed behind the dipole would give 
rise to a unidirectional dipole radiation pattern. By spacing the reflector 
0 . 1  wavelength at 30 GHz, it would be spaced 0.2 wavelength at 60 GHz. Both 
spacings would yield a unidirectional pattern having a compromise gain of 
slightly less than that obtainable at the optimum spacing of 0.15 wavelength. 
This technique is quite common in dipole fed parabolic reflector antennas 
(reference 13, pages 9-8 to 9-9) and has been found to bring about a consider- 
able improvement in efficiency; as will be indicated in the following discussion 
on experimental results. The reflector disc is cemented to the mylar sheet. 
A block of polyfoam is cemented onto the disc to space and support the dipole 
element. The results of comparative tests on this mount will be given in the 
discussion on experimental results. 
Corner reflector multiplier mount. - -A simple type of mount that can 
focus energy into a narrow rectangular area is a corner reflector (Figure 31). 
The theory of the corner reflector is covered in Chapter 11 of reference 9. 
Its main advantage is that it is simpler to construct than the cylindrical para- 
bolic reflector, that will  be described next, since it has straight sides. The 
major drawback is that the focal position is not well defined and is frequency 
dependent. This makes it necessary to choose a compromise position for the 
multiplier element that would give a monotonic unidirectional gain radiation 
pattern at both the fundamental and second harmonic. This mount was used 
with a different number of varistor elements (one to five), of the type shown 
igure 29, to ascertain the variation of efficiency with the number of ele- 
ments in a line-focus type mount. Up to five varistors were supported by 
rexolite rods inserted through the apex of the corner reflector. 
FIGURE 31. CORNER REFLECTOR MULTIPLIER MOUNT 
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Figure 31 shows 3 standard varistor elements, mounted in the reflector. 
This mount was converted into the cylindrical parabolic mount, described next, 
by inserting a contoured block at the vertex. 
Cylindrical parabola mount. - -A parabolic cylinder reflector was approxi- 
mated by inserting a cylindrical contoured block near the vertex of the corner 
reflector as shown in Figures 32 and 33. In order to compare the efficiency of 
the cylindrical parabola with the corner-reflector mount, the same Sylvania 
5253 dipole element was placed in this mount. 
The dipole position was adjusted for  best efficiency and the results of 
this test will follow, The advantage of this mount, over the corner-reflector 
mount, is that the focal plane is independent of frequency so that the dipole 
element position need not be compromised for best operation at the fundamental 
and second harmonic. 
Standard waveguide multiplier mount. --As a standard of comparison be- 
tween quasi- optical multipliers and standard waveguide multipliers, a cross- 
guide multiplier mount in standard waveguide was  constructed as shown in Fig- 
ure 34A. It was designed to be used with the same Sylvania 5253 varistor ele- 
ment that was used to evaluate the quasi-optical mounts. In addition, it could 
also be used with the 5147 micropill varactors used in some of the tests with 
varactors in the discussion that follows. 
As can be seen in the photograph a 30-GHz band-pass filter was located 
at the input of the multiplier to prevent generated harmonic energy from being 
dissipated in the source. Tunable short  circuits (in the 30- and 60-GHz wave- 
guides) located behind the active device permitted tuning out the parasitic 
reactances. External 30- and 60-GHz E-H tuners were used at the input and 
output ports, respectively, to optimize the impedance levels. 
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COMPARISON OF MOUNTS-EXPERIMENTAL RESULTS 
The various types of mounts previously described were used in the 
experimental test setup shown in Figures 28A and 28B. The same Sylvania 
5253 varistor element, as shown in Figure 29, w a s  used in all mounts 
(except as noted). The input power to the input tuner was 325 mw (+25 dbm) 
for all cases. A summary of the results is given in the following chart: 
Description 
Type of Mount of Focus 
Full parabola Point 
Full parabola Point 
with secondary 
diode reflector 
Corner reflector Line 
Corner ref le ct or Line 
Corner ref lector Line 
Number of 
Multiplier 
Dipoles 
1 
1 
1 
2* 
3* 
Standard wave- Nonquasi - 1 
guide mount non- optical 
quasi -optical 
Relative 
Relative Power Handling 
Efficiency+ Capacity 
~~ ~~ ~~ ~ 
-5.7 db 1 
0. db 1 
(reference) 
-18.7 db 1 
-14.7 db 2 
-11.7 db 3 
-2.7 db 1 
+ Available input power left constant for all tests 
* If equal efficiency varistors were used-- based on measure- 
ments using dipoles of known, but differing, efficiencies. 
The efficiency of the full parabolic reflector, and dipole with secondary 
reflector, were taken as a standard of reference for these tests. In order to 
compare the effect of adding more multiplier dipoles to a corner reflector 
(line focus) mount, the individual dipole efficiencies were measured first in 
the mount. Then the combined efficiency of 2, 3, and 4 elements were mea- 
sured. The results indicated that the efficiency improved according to the 
power ratio of the number of varactors, (that is, two elements gave a 3-db 
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improvement). Four elements gave 5-dB efficiency improvement. As  a 
result of these tests the following observations and comments could be made: 
Point-focus mounts (such as the parabolic reflector) 
give the highest efficiency. Their power handling 
capacity is limited to that of one varactor. 
The reflector disc behind the dipole element improves 
the conversion efficiency nearly 6 dB. All  the other 
mount efficiencies would be raised by approximately 
6 dB, i f  reflectors were added behind the dipoles. 
In line-focus type mounts (corner reflector or  cylin- 
drical parabola), i t  is necessary to use more elements 
to improve the efficiency. The capture area of the 
dipoles should equal the area of focus of the mount, 
for best efficiency. Probably, the efficiency for the 
same quality nonlinear element w i l l  always be poorer 
than the point -focus mount because of greater losses 
(sum of varactor losses). The main advantage is 
that the power handling capacity theoretically in- 
creases by the number of varactors used. 
The cylindrical parabola mount is much (approxi- 
mately 6 dB) better than the corner reflector as far 
as efficiency is concerned. In addition, the focal 
point is independent of frequency. 
The quasi-optical mount can apparently achieve 
efficiency greater than that achievable in a standard 
waveguide mount. This is probably because the 
contact losses of the multiplier element a re  greater 
in a waveguide than in a quasi-optical structure. 
This advantage becomes increasingly greater as 
the frequency of operation becomes higher. 
Typically, a varactor with a cutoff frequency 
of 300 GHz would have an effective cutoff frequency 
of only 150 GHz in a standard waveguide mount. 
According to reference 7, this would degrade the 
effective varactor efficiency from 20 percent to un- 
der 8 percent. 
From these results it w a s  also concluded that to obtain comparable 
efficiency from a line-focus type mount, as obtainable from a point-focus 
mount, at least five varactors would be needed. In turn, a nonfocused mount 
such as an array would need many more varactors for equal efficiency. 
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Since only a limited number of varactors w a s  available on this pro- 
gram, it w a s  decided to concentrate the experimental effort on point- and 
line -focus type of mounts. Two experimental mounts using commercial 
encapsulated varactors wi l l  now be discussed. 
Mounts With Commercial Varactors 
Several quasi-optical multiplier mounts, using commercial 5147C 
Sylvania varactors of the micropill configuration, were designed and evaluated. 
In addition, a 5147C varactor w a s  mounted in a standard waveguide mount to 
determine the efficiency obtainable from the varactor. This w a s  determined 
by subtracting the measured mount losses from the measured overall 
efficiency. The nominal characteristics of the Sylvania 5147C varactor are  
as follows: 
Type of junction 
Junction material 
Zero-bias junction capacity 
Stray capacity 
Parasitic inductance 
Zero-bias cutoff frequency 
Reverse breakdown voltage 
Power dissipation at 25OC 
Diffused junction mesa 
Gallium arsenide 
0.40 to 0.60 pf 
0.3 pf 
0. 15 nh (minimum) 
150 GHz (minimum) 
6 v (minimum) 
200 mw 
A theoretical analysis of the achievable efficiency with the 5147C 
varactor is given in  Appendix C. It is based on the approximate analysis 
given in reference 8. A conversion efficiency of 21  percent is calculated. 
This analysis assumes that the only loss is due to the varactor ser ies  
resistance. Measurements by AIL'S Central Research group on these varac- 
tors indicated that the package introduces considerable shunt conductance loss 
at 60 GHz. In order to determine the efficiency actually obtainable from the 
5149C varactor, the cross-guide standard multiplier mount (Figure 34A) was 
built to receive this varactor. Since the mount filter and tuner losses were 
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expected to greatly degrade the measured overall efficiency, i t  w a s  decided 
to measure these losses independently. The mount was pumped with the maxi- 
mum available 30-GHz power of 325 mw and adjusted for maximum power 
output by adjusting the input and output tuners, the 30- and 60-GHz wave- 
guide short circuits, and input filter phasing adjustments; an output of 2, 5 mw 
maximum could be obtained. This is equivalent to a conversion loss of 
21.2 db. The measured circuit losses at 30 GHz were 2.5 db, the 60 GHz 
losses were 5.1 db, and a bolometer correction w a s  1 . 2  db. This gave a 
corrected conversion efficiency of 12.4 db for the varactor. This varied 
less than 1 db with different varactors of the same type. Therefore, a con- 
version efficiency of 6 percent is the best that could be hoped for with these 
varact or s. 
The effect of drive level on conversion efficiency is shown in 
Figure 34B. The external dc load resistance w a s  adjusted to give the highest 
output level. A dc load of about 1000 ohms proved to be optimum at this 
drive level. 
This indicates that the conversion efficiency increases rapidly as the 
drive level is reduced. Since the available power of 325 mw w a s  just 
sufficient to drive the mount to optimum efficiency, it is estimated that a 
line a r ray  of 6 diodes would need at least 2-w input to achieve the same 
efficiency assuming that the circuit losses were equal. Since the optimized 
quasi-optical configuration should have lower losses, somewhat less power 
would be required. This points up the necessity of using higher power sources 
(10 w or more) when evaluating diode arrays. 
Several point- and line-focus mounts will now be described and a sum- 
mary of measured performance given, 
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Varactor dipole mount -untuned. --A Sylvania 5147C varactor w a s  in- 
corporated in  a dipole as shown in  Figure 30B. The varactor w a s  biased 
through two series quarter-wave stubs which presented a high impedance 
across the varactor at 30 and 601 GHz. The stubs were connected to a 
UT-34 miniature coaxial cable which served to support the varactor at the 
center of the oversized waveguide. The 3-inch parabolic reflector with a 
1-inch focal length (shown in Figure 30) w a s  used to focus the incident 
30-GHz energy .on the dipole element. 
A conversion loss of 38 db was the best that could be achieved with 
this arrangement. This poor result w a s  attributed to the large parasitic 
reactances of the varactor. These could apparently not be satisfactorily 
tuned out by the limited range external tuners. The quasi-optical tuners 
were still under development during this period and would probably have 
improved the attainable efficiency. As a result of this test, it  was decided 
to design a dipole element with a means of tuning out the net element re- 
actance. This will  be described next. 
Tuned varactor dipole mount. --Figure 35 and 36 shows the con- 
struction of the tuned varactor dipole mount. A Sylvania 514°C varactor 
was soldered to cylindrical dipole elements and spaced by a small poly- 
foam block from the reflector disc located behind the dipole, The reflector 
disc was  located at the center of the oversized waveguide by supporting it 
on a 1-mil thick mylar sheet. The latter was found to introduce negligible 
reflection of 30- and 60-GHz energy. Two copper rods (0.021-inch diameter 
and cross-polarized for a minimum reflection) supported the varactor dipole. 
In addition, the rods served to introduce bias to the varactor by insulating 
one rod at the side wal l  of the guide and grounding the other (Figure 19). 
An attempt w a s  made to use the rods to provide a variable tuning reactance 
across the varactor junction at 30 and 60 GHz. This was accomplished by 
the sliding rexolite blocks whose position relative to the junction could be 
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FIGURE 35. TUNED VARACTOR DIPOLE MOUNT 
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varied. The block length was chosen so that one block w a s  3/4 wavelenth at 
30 GHz, while the other block w a s  3/4 wavelength at 60 GHz. This allowed 
a 2.5 VSWR (dielectric constant of rexolite) to be introduced on the 130-ohm 
line, formed by the rods connected across the varactor dipole, and permitted 
tuning out a B/Yo = 1.0 susceptance. This w a s  considered adequate to 
determine i f  tuning introduced in this way would be beneficial. A higher di- 
electric constant material such as quartz (k g 4)  would give a greater tuning 
range and could be tried later i f  successful results were otbained with the 
rexolite slugs. 
The standard test setup (Figures 28A and B) was used to evaluate the 
mount. An available power of 325 mw (25 dbm) w a s  applied at the input and 
an output power of about 1 mw (0 dbm) w a s  measured at the output (conver- 
sion loss 25 db). The rexolite tuning slugs caused as much as a 10 db varia- 
tion in output from the worst case misadjusted position to the highest harmonic 
output position. This indicates that the slugs did have a significant effect on 
tuning, which could not be duplicated by external standard waveguide tuners. 
Subsequent tests indicated that the greatest effect of the tuner slugs was  at 
30 GHz, since the case shunt conductance losses at 60 GHz tended to isolate 
the tuner from. the junction. Higher dielectric constant slugs would undoubted- 
ly have produced a greater tuning range and should be tried in a future program. 
The circuit losses were measured and can be apportioned as follows: 
30-GHz attenuation loss in input 
60-GHz attenuation loss in output 
Mount loss at 30 GHz 
Mount loss at 60 GHz 
Loss due to scattering at 
Aperture blocking losses 
taper and directional filter 
taper and directional filter 
directional filter (approximat e) 
Total measured losses 
Varactor quasi-optical conversion efficiency 
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1.3 db 
1.6 db 
1.1 db 
2.8 db 
1.0 db 
0.5 db 
8.3 db 
16.7 db 
A similar varactor in a standard mount had a conversion efficiency 
of 1 2 . 4  db, after subtracting out tuner and mount losses. The 4.3-db dif-  
ference is attributable to the following: 
1. 
2. 
Inadequate range of the rexolite slug tuners, par- 
ticularly at 60 GHz. 
No tuners were used with the quasi-optical mount 
since the 30-GHz input w a s  nearly matched 
(VSWR = 1.4) .  The available 60-GHz standard 
guide tuners only served to degrade the efficiency 
because of their high loss. The 60-GHz type I 
tuner would have improved the efficiency but was 
not ready in time for the test. 
Although the conversion efficiency of the standard waveguide mount 
w a s  somewhat better than the quasi-optical mount, the potential for improv- 
ing the latter is considerably greater. The poor values of conversion 
efficiency for both standard and quasi-optical multiplier arrangements are 
attributable to the large varactor case capacity and shunt loss of the case at 
60 GHz. Changing the bias on the varactor had a relatively large effect on 
the input VSWR in both the standard and quasi-optical mounts. This was not 
the case, however, at 60 GHz where a change in bias caused no noticeable 
change in input VSWR, in either mount, indicating almost complete isolation 
of the junction from the external circuit at 60 GHz. It was,  therefore, con- 
cluded that present commercially available encapsulated varactors a re  un- 
suitable for constructing a high-efficiency quasi-optical doubler from 30 to 
60 GHz. 
Tuned cylindrical parabola array. --A line-focus tuned mount w a s  con- 
structed to permit comparison of obtainable efficiency with that achievable 
with the point-focus varactor mount. This tuned collinear array mount is 
shown in Figure 32 and 33. A cylindrical parabolic reflector was used to 
focus the incident 30-GHz energy of a collinear array of dipoles. The dipoles 
were spaced l / 2  wavelength (at 30 GHz) apart. The array w a s  tuned by two 
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radial line-tuning slugs, forming quarter-wave open-circuited lines at 
30- and 60-GHz, respectively. These slugs serve to tune out the net reac- 
tance at the fundamental and harmonic frequencies by positioning them rela- 
tive to the varactors. Bias was introduced at one end of the array through a 
bypass capacitor at the bottom plate of the mount. The 30- and 60-GHz 
tuning slugs were adjusted in discrete steps with the external tuners adjusted 
for maximum output after each adjustment of the slugs. It w a s  found that more 
than a 9-db improvement in efficiency could be affected by tuning the array 
with the slugs. This indicates the importance of roughly tuning the varactor 
elements since external standard waveguide tuners could not be adjusted to 
compensate for  a mistuned array.  The quasi-optical tuners developed later 
in this program would undoubtedly have improved this result. The absolute 
conversion loss of the array w a s  36. 5 db, .which is still poor. This is 
attributed to  the low effective drive level of the individual varactors due to 
insufficient input drive power. In addition, input and output tuner and taper 
losses, varactor shunt and series losses, and mislocation of the array from 
the focus area due to mechanical tolerances account for the remaining losses. 
The addition of a reflector behind the array would have increased the 
efficiencies by about 6 db, as indicated earlier in the tests with the 5253C 
mixer diodes. This w a s  not done because the added expense, due to the 
mechanical complexity, w a s  not considered justified for this test. An esti- 
mate of the magnitude of these losses is summarized as follows: 
Description of LOSS 
Low drive power 
Input and output taper and over- 
Directional filter loss 
30- and 60-GHz tuner losses 
Average loss at 30- and 60-GHz 
due to lack of array reflector 
Estimated Increase in Conversion LOSS 
sized structure losses 
Total increase 
Measured loss 
Net Conversion Efficiency 
6.0 db 
21.0 db 
36.5 db 
15.5 db 
9.0 db 
2.0 db 
1.0 db 
3.0 db 
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Since the efficiency of the varactor (deduced from standard mount 
measurements) was 12.4 db, about 3.0 db of loss is unaccounted for. This 
is probably attributable to aperature blocking which causes energy scattering 
and could be eliminated by an offset feed technique. By using adequate input 
power quasi-optical tuners, and array reflectors, a conversion of efficiency 
of 20 db or 1 percent should be achievable with standard varactors having a 
cutoff of 300 GHz at -6 v. 
frequencies (500 GHz, -6 v) a re  available and should improve this efficiency 
to 25 percent. 
Unencapsulated varactors having higher cutoff 
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CONCLUSIONS 
During this program, the feasibility of quasi-optical varactor doublers 
w a s  investigated. The advantages and limitations of the point-focus, line- 
focus, and array type mounts were explored by experimentally determining 
the conversion efficiencies obtainable with each basic type of mount using 
the same type of nonlinear element in each. Based on these experimental 
results, point-focus and line-focus mounts were constructed using the best 
available encapsulated varactors. The following general conclusions can 
be drawn from this effort. 
1. Experimental evidence indicates that efficiencies 
equal o r  slightly better than obtainable with stan- 
dard waveguide multiplier mounts can be obtained 
by quasi-optical techniques. The advantage of 
these techniques should become even greater at 
higher frequencies. 
A comparison of various mount configurations 
shows that different arrangements a re  advantageous 
for different input power levels as follows: 
2. 
Tvpe of Mount 
Maximum Input 
Power Level 
Full parabola (point focus) 0.2 w 
(line focus) 1.5 w 
Cylindrical parabola 
Planar array (100 varactors) 10 to 20 w 
The estimated efficiency obtainable using the best 
available unencapsulated varactors should be in 
the range from 25 to 50 percent when driven to the 
power levels listed, and using the type I quasi-optical 
tuners developed on this program. The choice of the 
type of mount, therefore, largely depends on the r e -  
quiredpower handling capacity. The line or  array type 
of mounts, therefore, offers the greatest advantage 
for high-power multipliers. 
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3.  Incorporating tuning at each varactor element 
seems to improve efficiency over that obtainable by 
use of external tuners alone. 
Encapsulated varactors make tuning adjustments 
more critical. Their physical size, and the loss 
conductance associated with the package, make 
their incorporation in high-efficiency quasi- 
optical mounts undesirable. 
Experimental unencapsulated varactors a re  pres- 
ently available and their use in future work in 
developing high -eff i ciency , high -powe r multi - 
pliers is strongly recommended. The desired 
electrical characteristics of these varactors 
have been outlined herein. 
4. 
5. 
The next phase of effort would involve procuring suitable unencapsulated 
varactors and optimizing the multiplier element in a point-focus mount. 
This optimized element could then be incorporated in line-focus or array- 
type multiplier designs. 
A proposal for constructing a practical high-efficiency millimeter- 
wave varactor doubler circuit based on quasi-optical techniques has been 
submitted to NASA ERC. Using some of the basic components developed on 
the present and previous programs, the main effort would go toward de- 
veloping a high-efficiency varactor mount. This would consist of an array 
of varactor elements arranged along a line o r  distributed over an area in 
such a way as to abstract the maximum amount of energy from the fundamen- 
tal frequency and efficiently launch the generated harmonic without spurious 
mode activity at either frequency. Several promising designs of the individ- 
ual varactor elements, and arrays of elements, have been described. A 
final design would incorporate beam-lead or unencapsulated varactors in a 
small-scale (8 to 10 varactors) array. 
According to reference 7, a conversion efficiency of 2 db should be 
realizable. Because of losses in the tuner, filters, and mount, a design 
goal of 50 -percent efficiency seems possible. If the full 200 -mw dissipation 
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capability of a commercial 5147C varactor were utilized, an array of 10 
varactors should be capable of 1-w output at 60 GHz for 2-w drive at 30 GHz. 
Because of losses in the case of commercial packaged varactors, it is doubt- 
ful that 50-percent efficiency could be achieved. Uncased varactors would 
have a power dissipation capability that is considerably lower because of the 
absence of a heat sink. A power dissipation capability of 50 mw is probably 
realizable for these units which hold the best promise for meeting the 
50-percent efficiency goal. An array of 10 varactors could, therefore, yield 
250-mw output power at 60 GHz with 500-mw input at 30 GHz. Larger arrays 
would have higher dissipation capability and therefore be capable of producing 
higher harmonic power levels. The cost of arrays larger than 10 varactors 
would seem to be prohibitively high for an initial design. 
The major advantage of using unencapsulated varactors is their promise 
of operation at much higher frequencies. The dimensions of a beam-lead var- 
actor junction is such that 10 elements using these varactors could be made 
to fit into a 10-times oversized waveguide operating at a fundamental fre- 
quency of 300 GHz and providing usable power output at 600 GHz. The losses 
would, of course, cause a considerable degradation in conversion efficiency, 
which would be difficult to predict at this time. Such a device does, however, 
appear feasible as a future development effort after completion work on the 
proposed 30- to 60- GHz doubler. 
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TECHNICAL OBJECTIVES 
Objective 
The objective is to further the theoretical and practical development 
of the concepts necessary for the utilization of quasi-optical techniques in 
millimeter-wave varactor multiplier circuits, to formulate and present the 
data and techniques needed for design and construction of varactor multiplier 
circuits in the millimeter wave region, specifically in the region above the 
K -band. It is the intent of this procurement that the government shall be 
provided with the means whereby hardware needed for millimeter-wave 
varactor multipliers can be designed and built by ERC personnel. 
a 
Scope of Study 
The contractor shall supply the necessary personnel, facilities, se r -  
vices and materials to accomplish the following. 
Directional filters. --Extend the theory and results obtained under 
the previous research program, NAS 12-625, to develop techniques for the 
design of directional filters which meet the requirements of particular 
varactor multiplier circuits. Compile the necessary data and provide a 
parametric formulation adequate for the design of such filters. Demonstrate 
the validity of the formulation through the design, construction, and measure- 
ment of a directional filter for use with a doubler circuit operating in the 
region above Ka-band, (30 go 60 GHz) and a tripler with its output at 97.5 GHz, 
Performance parameters for the filters, which will be consistent with the 
requirements of varactor multiplier circuits will be provided by ERC, 
Frequency tuners. --Develop and formulate the theory necessary for 
the construction of a frequency tuner that will simultaneously match a 
varactor at both the fundamental and its second harmonic frequency, reducing 
9 1  
VSWR's of 10:l to 1.3:1 or less. Present the theory and data needed to de- 
sign such tuners. Validate the method experimentally by constructing and 
measuring the performance of the tuner o r  times required in a varactor 
doubler circuit operating in the region above the K -band (30 to 60 GHz); 
exact requirements will be provided by ERC. 
a 
Measurement techniques. --Develop techniques necessary for the ac- 
curate measurement of power, VSWR, frequency, and other parameters of 
varactor multiplier circuits. Use the reflectometer and power meter pro- 
vided by ERC to demonstrate the validity of the techniques. Determine the 
need for new equipment, and describe this equipment in sufficient detail to 
permit procurement by ERC if  desired. 
Varactor mounting techniques. --Additional theoretical study shall 
be given to the problem of mounting varactors in arrays and in a focused 
mount. In conjunction with the theoretical study, a simple array of about 
eight varactors shall be built in a mount, and experimental evaluation 
of theoretical results shall be carried out. A single varactor in a focused 
mount shall be similarly studied. These studies shall be performed on 
varactors which will be used in a doubler circuit at frequencies above the 
Ka-band (30 to 60 GHz). Present all theory and results in sufficient de- 
tail to permit their use by ERC personnel in future application. 
Multiplier circuits. --By using the equipment described previously, 
AIL will  assemble a varactor doubler circuit operating in the frequency 
band above the Ka-band (30 to 60 GHz) and measnre the performance of the 
circuit. Any deficiencies which are amenable to improvement through 
additional study will also be described. 
The development of tripler circuits shall also be considered but 
mainly on a theoretical basis. 
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APPENDIX B 
PATENT REVIEW 
In accordance with the requirements of the contract, two patent 
reviews were held during this phase of the program. The first review 
was held on 18 November 1969 and concerned the following items: 
@ 
0 
Antenna principles applied to multiplier elements 
Collinear array in partial focused mount 
The second patent review was held on 15 January 1970. Improve- 
ments made in the devices covered by previous reviews were discussed. 
No new major components were developed during this period, therefore, 
no further disclosures were warranted. 
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APPENDIX C 
THEORETICAL EFFICIENCY OF A 30 TO 60 GHz DOUBLER 
USING 5147C VARACTORS 
The theoretical efficiency of a 30 to 60 GHz varactor doubler 
using a 5147C varactor (type used in the multiplier experiments reported 
herein) is calculated below according to the theory presented in reference 8 
(Section 8.4 ,  pages 316 to 338). This theory presupposes lossless circuitry 
with the only loss being introduced by the varactor series resistance. Shunt 
conductance losses due to the varactor package, which were found to be high 
at 60 GHz, a re  not taken into account by this analysis. 
The pertinent 5147C varactor parameters are given below: 
Zero-bias capacity of the junction = 0.3 pf 
Series resistance = 4.1 ohms 
Breakdown voltage = 6 volts 
j0 
C 
RS 
vR 
For Sylvania abrupt-junction varactors the minimum capacity can be found 
from: 
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According to reference 8 : 
12 = 8.2 x 10 faradw1 1 - 1 --- 12 min -122 x10- max - C 
S 
S 12 
c 2aRS 6.28 (4.1) 
f =-- max - 8 0 2  lo = 0.32 x 10l2 or 320 GHz 
- wo (Fundamental radian frequency) - -- 30 - o.0934 
Wc (Varactor cutoff radian frequency) 320 
The maximum efficiency at a given input frequency can be read 
from Figure 8.6 of reference 8. This curve is based on the asymptotic 
formulas for the doubler given in Table 8.4 of the same reference. The 
value of Wo/Wc falls between the high and low frequency relations in this 
table, which are as follows: 
W 
Low-frequency case (€1 = 1 - 19.9 $ 
C 
High-frequency case (E) = 0.0039 (“:ia 
The curve of Figure 8.6 extrapolates between these two values in the region 
of interest and is found to predict a maximum efficiency of 2 1  percent. This 
compares poorly with the 5 percent efficiency which was the best that could 
be measured in a standard mount after subtracting out all the mount losses. 
The difference is attributed mainly to shunt conductance losses of the varac- 
tor package, particularly at 60 GHz. 
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